.
Modelling approach of the system analysis applied to smallholder farming in Karagwe, TZ Table 1 of the main article.
-5 -Modelling the SNB: evaluation of data Abbreviations: FM: fresh matter; hh: household. Other important crops: permanent crops: mango, orange sugar cane; annual cereal crops: paddy (not in Karagwe), sorghum (especially in Karagwe), millet; annual root and tuber crops: cassava, sweet potatoes; annual oil seed crops: mainly groundnuts; minor soy beans and sunflower; annual vegetable crops: tomatoes, bitter aubergine, amaranth (spinach), chillies, pumpkins, okra, ginger; annual cash crops: tobacco and cotton are grown in Kagera, however not in Karagwe.
-7 - TLUD is an open source design. TLUD stoves are produced and distributed by a local NGO.
Summary of the technologies analysed
The BiogaST-digester was developed by the local NGO MAVNO in cooperation with EWB; the design follows the concept of a plug-flow digester.
CAMARTEC is Tanzanian producer and distributor of biogas burner of the design "Lotus 2". Krause and Rotter, 2017) .
Modelling the SNB: system definition Continuously declining soil fertility due to the lack of available organic fertilizers. Locally available residues from cooking and sanitation are not yet integrated in the soil fertility management.
Developed countermeasures
Local initiatives recently started testing IPNM-strategies including the use of (i) biogas slurry as organo-mineral fertilizer; (ii) stored urine as mineral fertilizer; (iii) 'CaSa-compost' containing sanitized human excreta mixed with biochar and other domestic residues, prepared according to the principles of Terra Preta; (iv) standard compost containing ashes, harvest residues, and kitchen residues.
Specific objective
Comparison of the soil management in Karagwe at the current state with specific IPNMstrategies regarding effects on (i) soil nutrient balances, (ii) subsistence production of compost, and (iii) environmental emissions.
Activities
To subsist, which for the AES specifically comprises (i) to make compost and (ii) to grow locally relevant food crops, which includes cultivating staple crops, legumes, and vegetables. Spatial system boundary One smallholder farm in Karagwe including the land used for the intercropping of annual crops (land called msiri) at 0.125 ha. The msiri was used for growing maize, beans, onion, and cabbage on 80 %, 15 %, 2.5 %, and 2.5 % of the land, respectively.
Temporal boundary
One year with two seasons, or two cultivation periods. Indicator substances C as structural element of SOM; N and P as essential plant nutrients in farming.
Abbreviations: IPNM: integrated plant nutrient management; SOM: soil organic matter C ha -1 yr -1  AM1  3,897 ±1,316  NA  NA  AM2  3,412 ±1,426  NA  1,025 ±438  AM3  2,960 ±1,276 2,607 ±617  NA  AM4  2,835 ±1,362 2,374 ±634  NA  AM5 18,076 ±5,414 7,822 ±1,851 NA Abbreviations: C: Carbon; CaSa-compost: compost produced in project 'Carbonizations and sanitation'; NA: not analysed (i.e. not considered in scenario) 993  ±118  468  ±60  346  ±48  NA  NA  NA  AM2  1567 ±188  740  ±96  476  ±69  NA  14955 ±3118 1364 ±184  AM3  2793 ±273  1318  ±158  235  ±37  2183 ±210  NA  583 ±193  AM4  1898 ±214  896  ±113  168  ±26  2026 ±194  NA  583 ±193  AM5  2793 ±273  1318  ±158  235  ±37  2183 ±210  NA  583 ±193 Abbreviations: FM: fresh matter; NA: not analysed, i.e. the respective matter was not considered in this scenario. Scenarios are defined in Table 3 .
Modelling the SNB: results used in discussion
Mulching material was 47 ± 6.5 % of total agricultural residues and completely utilized. Table 3 .
Mulching material was 47 ± 6.5 % of total agricultural residues and completely utilized. NB -13 -11 9 -8 9 0.9 0.9 0.9 0.9 0.9
Modelling the SNB: plot data to results presented in figures
Abbreviations: BNF: symbiotic biological nitrogen fixation; CaSa-compost: compost produced in project 'Carbonizations and sanitation'; NA: not analysed (i.e. not considered in scenario); NB: natural balance; SNB: soil nutrient balance. Alternatives AM1-AM5 are defined in Table 3 . Preliminary remark to the appendix for the modelling approach Supplementary 1 first briefly introduces basic definitions of the agroecosystem (AES). We outline the farming system analysed for the case of smallholder farming in Karagwe, in Northwest Tanzania (TZ) (S1.1), describe the scenarios studied including farming practices considered (S1.2), explain the method applied for modelling as well as the general structure of the model (S1.3). We also disclose the basic assumptions that we took, including those for simplifying the model to make it applicable in the present context (S1.4). The first chapter ends with an annotated list of selected flows of the model presented in Table S27 . In Chapter S2, we explain the sets of equations used to systematically quantify relevant material flows while modelling the AES (S2) including composting processes (S2.6). In S3, we briefly explain how we assessed the environmental emissions. In S4 we shortly discuss selected assumptions and simplification in addition to the major discussion as part of the main article. In S5, we provide information about our data collection and a list of all parameter values used (Table S32 ). In S6, we list specific words which we use in this document.
The basic definition of the AES-model includes (i) the 'housing system', representing the farming household, (ii) the 'farming system', describing the size of planted farmland, and (iii) the 'land use' (LU), describing the distribution of land for selected crops (Table S25 ). The farming household further comprises the micro energy system (MES) and the micro sanitation system (MSS), and has been systematically analysed in Krause and Rotter (2017) . The total planted farmland consists of fields called msiri, used for growing annual crops, and fields called shamba, used for growing perennial crops. Only the msiri are included in the present analysis. The housing system and farming system are connected through a composting process, which is assigned to the farming system. Locally available materials for composting and fertilization include resources recovered from cooking in the MES and sanitation, i.e. from the MSS (ibid.). The temporary system boundary of the model is one year. The spatial system boundary includes the msiri and refers to a typical smallholder farm in Karagwe (cf. Table 1 in main article). The modelling is done in the layers of goods (G), and indicator substances include carbon (C), nitrogen (N), and phosphorus (P). One farming year includes two cropping seasons. The model factor (MF; in ha yr -1 ) reflects the total cultivation area per year (Eq.S1) and is the product of the two cultivation periods per year ( . ) and the size of the planted farmland used as msiri (
). The MF is used in most equations, in combination with the LU, to estimate crop specific annual material flows ( in kg yr -1 ), such as in-and output flows of nutrients to and from the farmland, respectively (see Supplementary S2 ).
In sum, five scenarios are compared for the agricultural system msiri (AM1-5). Each scenario represents a strategy of integrated plant nutrient management (IPNM). Hence, scenarios are principally defined by the fertilization strategy applied specifying different fertilizer inputs used, including residues recovered from the farming household. Overall, the current state farming practices (AM1), where mineral and organic material inputs ( ) are exclusively used for cultivating cabbage, are compared to the use of biogas slurry as an organic in combination with urine as a mineral (AM2), and to the use of CaSa-compost as an organic in combination with urine as a mineral (AM3-5) (cf. Supplementary 1.3).
Before going more into detail about the scenarios analysed, we briefly elaborate system definition, which we based on local conditions. To describe agricultural activities as common in the region, we refer to the national census of agriculture in the Kagera region (Tanzania, 2012) and available monitoring data of the partner organisation MAVUNO Project (Mavuno, 2015) :
 On average, the total area available to one smallholder farm in Karagwe is approx. 0.75 ha usable land (equivalent to approx. 2 acres).  Approximately 83 % of this land is used for agriculture, which results in approx. 0.625 ha of planted land per household.  From the total planted land, 0.5 ha are allocated to shamba and 0.125 ha to msiri.
 We only consider locally available residues as organic inputs to farmland, such as biogas slurry, compost, and CaSa-compost as well as urine as a mineral input.  Use of animal manure is not considered because the present analysis focussed on (i) structurally poor households that generally do not possess animals and (ii) vegan organic farming.  Synthetic fertiliser are not used because (i) most smallholders practice organic agriculture and (ii) there is a general lack of financial or logistical access to commercial fertilizers. According to national statistics, commercial synthetic fertilizers are used on less than 1 % of the planted land in Karagwe whilst about 78 % of the farmers who apply fertilizers use organic fertilizer.  For the cultivation of food crops we focus on locally cultivated and nutrition-relevant food crops and selected maize as a staple food, beans as a legume food, and cabbage and onion as vegetables.  We assumed that maize, beans, and vegetables are cultivated on, respectively, 1,000, 187.5, 62.5 m 2 of msiri farmland. The area for vegetables is further distributed to onion and cabbage by 50 % each.  Beans are important in the local AES by contributing to the input of N through symbiotic biological nitrogen fixation (BNF).  Plant growth is assumed based on the field experiment, which we conducted in Karagwe in 2014 (Krause et al., 2016) . From this experiment, we have specific results for total biomass production and crop yields available for each of the four crops corresponding to the use of biogas slurry, standard compost, CaSa-compost, or no fertilizing input (i.e. 'current state').  In order to reduce the evapotranspiration of soil, water, and wind-erosion during dry seasons, the ground is commonly covered with grass cuttings ('grass carpeting') and a certain share of agricultural residues for 'mulching', respectively.
Definition of scenarios defined.
The following paragraph presents the IPNM-strategies analysed, respectively scenarios AM1-AM5, in more detail. In the scenario reflecting the current state of soil fertility management (AM1), only standard compost is used as an organic input, and only for cabbage due to the following reasons: (I) In general, most farmers in Karagwe and Kagera do not use fertilizers (see above). (II) It is barely possible to cultivate cabbage in the region without the addition of fertilizer (Krause et al., 2016; Mavuno, 2015) . Therefore, applying compost to the area planted with cabbage is defined as a 'minimum requirement' in current cultivation practices. The Karagwe standard compost ( Fig. 1) is prepared from locally available residues including grasses, harvest residues, and ashes which are residues from cooking with a three-stone fire (Krause et al., 2015) . The composting process is modelled as part of the present AES-model (Supplementary 2.6.I). The amount of ashes available from cooking that can be used for composting is quantified in Krause and Rotter (2017) in alternative E1 in the MES-model. The assumed biomass growth and crop yields used for modelling AM1 are based on a mean value for unamended soils in Krause et al. (2016) combined with literature values, specific to the region. In scenario AM2, biogas slurry is used as an organic fertilizer, which is available as residue from using small-scale biogas digesters. The slurry is used for fertilizing only the area cultivated with maize and beans. The area cultivated with vegetables, both cabbage and onion, is amended with standard compost. In addition, urine is used as mineral fertilizer for all crops. The available amount of biogas slurry from cooking that can be used for fertilization is quantified in Krause and Rotter (2017) in alternative E6 in the MES-model. Assumptions of biomass growth and crop yield are based on own empiric results from using biogas slurry for maize and beans alongside compost for cabbage and onion (Krause et al., 2016) . In scenario AM3, the area cultivated with maize and beans is amended with so-called 'CaSa-compost'. Preparing CaSa-compost is tested in the project 'Carbonization and Sanitation' (CaSa), which acts as a case study to the present work (cf. main article). The area cultivated with vegetables, both cabbage and onion, is amended with standard compost. In addition, urine is used as mineral fertilizer for all crops. Standard and CaSa-composting processes are modelled as part of the present AES-model (Supplementary 2.6.I and 2.6.II, respectively). According to Krause et al. (2015) , CaSa-compost contains a mix of pasteurised human faeces, kitchen waste, harvest residues, terracotta particles, ash, and urine mixed with biochar. Biochar, which is available from cooking and from thermal sanitation is quantified in Krause and Rotter (2017) in alternative E4 as part of the MES-model and in alternative S3 in the MSS-model, respectively. Weights and volumes of urine and sanitized human faeces recovered from sanitation are also quantified in Krause and Rotter (2017) in alternative S3 in the MSS-model. Assumptions of biomass growth and crop yield are based on own empiric results from using CaSa-compost for maize and beans and standard compost for cabbage and onion (Krause et al., 2016) .
The IPNM-strategy analysed in scenario AM4 is generally comparable to that studied in AM3. The main difference is that, in AM4, yields estimated for total biomass and grains are lower compared to AM3. In AM4, the assumed biomass growth and crop yield are based on results from using standard compost described in Krause et al. (2016) for all crops. We did this, because results gained by using CaSa-compost in the local experiment have been remarkably high. However, the experiment lasted only for one season and an empiric proof of results is pending. It is therefore somehow speculative, to assume that such high results can be realized for both of the two cultivation periods per year and in the long run or for many consecutive seasons. Thus, with AM4 we introduced another more conservative scenario in comparison to AM3 but with the same assumptions in terms of fertilizer applications to land used as msiri. Figure S8 : CaSa-compost produced in pilot project of CaSa-project in Karagwe, TZ (own picture, March 2014).
Also, scenario AM5 is comparable to AM3. However, in AM5, nutrients are supplied with a one-off large amendment of organic fertilizers and additional seasonal mineral inputs through urine application. This means that total composts prepared during one year are amended on one third of the cultivated land. In the process, standard compost and CaSa-compost are used for growing vegetables and maize/beans, respectively. This application is repeated every year and on a rotating basis. Through this practice, the whole area is amended with compost after three years. In contrast, the compost is applied to the same area every four years again. The assumed biomass growth and crop yield in AM5 are comparable to AM3. Figure S9 : Urine is collected and stored in a urine-diverting dry toilet (UDDT); storage lasts for minimum two months in order to successfully inactive pathogens (drawing from CaSa-project document, CC).
1.3. Method applied and basic organisation of computational work.
In the AES-model, we applied the method of soil nutrient balances (SNB). Essentially, we combined concepts and terminologies as introduced by Stoorvogel and Smaling (1990) and modifications of Stoorvogel et al. (1993) , Smaling et al. (1996) and Lesschen et al. (2007) . We further followed Van den Bosch et al. (1998) and divided the full SNB into a natural balance (NB) and a partial balance (PB). The NB comprises all immissions and emissions from and to the environment and the PB reflects the 'way of farming' and solely consists of organic and mineral fertilizer inputs and nutrient removals by food crops and harvest residues. After an exhaustive literature review, we selected those flows which were most relevant and quantifiable in the specific context (Table S27 ). Our specific modelling approach is summarized in the following paragraph and is also further described and visualised in the main article (Section 2.3. and Fig. 2) . The chosen fertilization strategy is based on (i) optimizing P-efficiency, (ii) avoiding over-fertilization with P, and (iii) avoiding under-fertilization with N. Hence, our model follows suggestions put forth by Buresh et al. (1997) and Eghball and Power (1999) , stating that if the ratio of N/P of the crops' nutrient requirement is higher than the ratio of N/P in organic fertilizer, then organic matter should be used first to balance the P uptake of crops. Mineral fertilizer can also be used to meet crops' N requirements. In most of the scenarios in our model, the N/P of the crops' nutrient requirement is higher than N/P in organic fertilizers, thus (Table   S26 ). To sum up: organic inputs such as standard compost, CaSa-compost, and biogas slurry are used to meet crop's primary requirements for P, to complement organic amendments, and to supply additional N. Stored urine is used as a liquid mineral fertiliser. Urine is known as a fast acting and rapidly available N-fertiliser, which is often diluted with water, e.g. in a ratio of 1:3 to 1:5 urine to water (Richert et al., 2010) . Dilution is mainly done to avoid over-utilisation of urine and to reduce the odour. If urine is rather used neat, Richert et al. (2010) recommended applying the urine into a furrow or hole and to close the furrow/hole with soil afterwards. This can reduce N-losses through sub-surface volatilization. In order to restore soil P stocks efficiently, Buresh et al. (1997) further recommend either seasonal moderate applications of organic fertilizers or one-off large applications. The first recommendation is considered in scenarios AM1-4, the latter in scenario AM5, as described above.
Calculations were made through a series of steps. Here we briefly summarize the principle procedure and further elaborate the steps including the equations applied in Supplementary 2. The first step was to estimate the NB (Supplementary 2.1 and 2.2). Values of IN and OUT for the NB derive from literature (Table S27 ). Then, we calculated the total biomass production for PB, including crop yields and plant residues, and the respective total nutrient uptake by plants ( where IN is the nutrient input flows, OUT is the nutrient output flows, PB is the partial balance, NB is the natural balance, and SNB is the full soil nutrient balance.
In addition to the SNB, the AES-model also includes a preceding process, which is the composting. Here, different organic waste materials are mixed for the subsequent aerobic, bio-chemical decomposition. Two approaches to composting are depicted in the model: (i) the 'standard composting', which follows local practices and primarily includes harvest and kitchen residues (Supplementary 2.6.I), and (ii) the 'CaSa-composting', which is applied to jointly exploiting biochar, stored urine, sanitized faeces, and other organic residues (Supplementary 2.6.II). During composting, emissions to the natural environment occur, such as CO 2 -, CH 3 -, or N 2 O-emissions, or P-leaching.
In aggregating the data, we assumed that all parameters were normally distributed and independent of variables (Laner et al., 2014) . All mathematical operations are first carried out with an arithmetic mean value of ( ̅ ). To apply error propagation statistics, we calculate standard error (Δx), which derives from the standard deviation (σ) of the test series or data set, and the relative uncertainty (RU), which is defined as Δx in % of ̅ (Brunner and Rechberger, 2004) . Finally, Gauss's law of error propagation (Brunner and Rechberger, 2004; FAU physics, 2016) is applied, which differs for addition or subtraction (Eq. S7 and S8) and multiplication or division (Eq. S9 and S10). If ̅ ̅ . . . ̅ with 0 (addition) and 0 (subtraction) then:
.. • ̅ with 0 (multiplication) and 0 (division) then: . . .
Eq. (S9) and Δy ⋅ Eq. (S10)
Note concerning data processing: if the standard deviation or the standard error is not available for a collected data set, then the uncertainty is set to be 30 % of mean value.
All calculations are performed in Excel. Data collection, data evaluation, and calculations of for all scenarios are combined in one file comprising various spreadsheets including:  Summary of data on process values, collected from literature, such as transfer coefficients (TC) for nutrients during composting process, emissions after application of organic and mineral fertilisers, etc. (Table S32) ;  Summary of data on material values, collected from literature, such as compositions of composts, densities of component materials, nutrient concentrations in kitchen waste, harvest products, and fertilisers, etc. (Table S32) ;  Summary of context specific data, collected from the partner organisation and via expert judgement, such as size of cultivated land, fate of residual matter from harvesting of main crops, etc. (Table S32) ;  Summary of empiric data, collected in a field experiment on the local Andosol using various soil amenders including those relevant for the present analysis, such as total above ground biomass production, yields of marketable products, yields of harvest residues, etc. (Table S32) ;  Summary of data for determining the NB of the SNB, collected from literature and calculated (Table S27) ;  Summary of data on crop specific yields of and nutrient concentrations in harvest products compiled from results of our own field experiment (see above) and values collected from literature. (Table S32) ;  Calculations of related to SNB on separate spreadsheets for each sub-scenario AM1 to AM5; each spreadsheet is structured in two parts:
1. 'Material and process values', comprising selected values from data collection, which are required for the calculations in this sheet (e.g. yields of and concentrations in harvest products, distribution of harvest residues, nutrient TCs for composting, etc.). 2. 'Calculated material and nutrient flows', comprising calculations of all m and m of the PB on layers G, C, N, and P.  Summaries and comparisons of results from the four scenarios, e.g. yields, fertiliser usage and application rates, estimated flows referring to the partial, natural, and full SNB, etc.  Summary of selected plausibility criteria for crosschecking estimated values from our model with reliable data from literature sources.  Diagrams presenting results.
1.4. Assumptions and simplifications in the AES-model. Across the five scenarios, we took the following basic assumptions to simplify modelling:
 Local agriculture and crop cultivation is rain-fed only, and no irrigation is applied.
 Crops are intercropped in lines. Every season the arrangement of cropping lines on the plot is rotated.
 Beans are not included in the PB of N. As legume plants, beans take up N from the atmosphere. 100 % of N taken up by beans is assimilated from the air.  50 % of the total N contained in the total biomass of beans would be available next season through BNF.
 BNF is equally distributed to the whole msiri because beans are intercropped and crop positions rotate on the plot.
The N-input through BNF to a certain crop is proportional to the share of land cultivated with that crop.  Residues and grasses are used for mulching and carpeting, respectively, whereby matters are equally applied to the whole msiri. Thus, nutrient inputs are also evenly distributed on the total area.  Due to the present semi-arid, tropical savannah climate, with year-round elevated temperatures, composting lasts for three to six months, or approximately one season (Landon, 1991) .  Compost produced in one season, is available in the next season. Vice versa, compost used in the present season was produced in the previous season. The amount of compost produced and that of compost used are thus comparable in each season, and defined as equivalent before the background that our model is static, not dynamic.  Application of both composts is done once per year and, thus, the total amount of compost needed to cover the nutrient demands of crops in two cultivation periods is applied.  According to Finck (2007) , 100 % of the P contained in compost is available for plants in the long-run. Hence, in the real-world, the demand of crops growing in a certain season will be covered from several soil amendments that had been applied during previous seasons. In our static model, however, compost applied in one year computationally meets nutrient demands of crops grown during the same year.  Application of biogas slurry is done every season. In our static model, the application is depicted as an annual input of biogas slurry per square meter. In the real-world, however, application can be done in several doses, which should follow the different phase of nutrient requirements during plant growth. For maize, for example, nutrient demands are highest in the period between day 28 and 56 (weeks 4 to 8) after sowing (KTBL, 2009) .  Application of urine as mineral input is modelled following comparable assumptions to fertilizing with biogas slurry. Simplified static application of urine is modelled per year and per square meter.  Nutrient inputs added by seeds are not considered.
 Most flows of the NB are assumed based on literature using data of studies in a comparable specific context. Only the BNF is calculated based on bean production and thus varies across scenarios.  Soil and nutrient losses through wind and water erosion are not considered.
-21 - b Ash In Karagwe, ash is mainly deposited in heaps or thrown into pit latrines; sometimes used as reaction to declining soil fertility or to control pests. Farmers of Mavuno use ashes mainly for composting. Baijukya et al., 1998; EfCoiTa, 2013; Mavuno, 2015; Rugalema et al., 1994  Not considered as sole mineral input.  Ashes, from cooking and from burning harvest residues are considered as compost additive ( IN2c or IN2d).  Available quantities from prior studies (Krause and Rotter, 2017) . c Urine Can be considered as mineral fertilizer input. Richert et al., 2010  Urine considered as mineral fertilizer in addition to organic fertilizer to balance N-demand of crops.  Available quantities from prior studies (Krause and Rotter, 2017) .
IN2
Organic inputs a Grass carpet One of main sources of organic fertilization in Karagwe. In most cases, grasses derived from grassland surrounding the homestead. Baijukya et al., 1998; Tanzania, 2012  Grasses considered as import material flow to the AES.  Share of residues used for burning estimated through expert judgement (Table A .5).  N-and P-recycling rates assumed based on collected data. b Mulching with crop residues
One of main sources of organic fertilization in Karagwe. Baijukya et al., 1998; Tanzania, 2012  Total quantity of available crop residues from the model.  Share of residues used for mulching estimated through expert judgement (Table A .5).  N-and P-recycling rates assumed based on collected data. c Standard compost About 78 % of the farmers applying fertilizer in Kagera use organic fertilizer. However, compost is applied on only 5 % of the planted land in sum of both cultivation periods. Increasing number of farmers at Mavuno use standard compost as promoted by agricultural technicians. Mavuno, 2014; Tanzania, 2012  Production of compost from various available organic wastes as part of the model.  Composition of compost based on local practice (Krause et al., 2015) .
d CaSa-compost In the past, human excreta contributed to farm-scale nutrient recycling before implementation of pit latrines; e.g. it is common for farmers to deposit human excreta on each stool of banana on a rotating basis. Nowadays, a pilot project in Karagwe focuses on recovery of these resources through EcoSan approaches. Baijukya et al., 1998; Krause et al., 2015; Rugalema et al., 1994  Production of CaSa-compost from various available organic wastes as part of the model.  Composition of CaSa-compost based on practice in CaSaproject (Krause et al., 2015) .  Quantities of treated toilet waste and nutrient contents from prior studies (Krause and Rotter, 2017 Table A .3) OUT1 Food products a Selfconsumption Food crops for consumption within farming household; nutrients remain on the farm and are potentially available for recycling through MSS. Baijukya et al., 1998; Rugalema et al., 1994  Average share of harvest products used for own consumption available from unpublished pre-studies (see Table A .1).  Nutrient content determined through data collection. b Sold to market Food crops for selling at the market for income generation; nutrients being exported from the farmland Baijukya et al., 1998; Rugalema et al., 1994  Average share of harvest products used for selling available from unpublished pre-studies (see 
Supplementary 2. SPECIFIC EQUATIONS APPLIED FOR MODELLING
In addition to the principle equations (Eq. A.1-A.6), we applied a set of equations which are explained in this chapter. In sum, equations are applied for following purposes:
1. To determine the NB for msiri (S2.1 and 2.2); 2. To determine the PB for msiri, (S2.5), which is based on: a. Quantifying possible yields without fertilisation (AM1) and with fertilisers (AM3-AM5) (Section S2.3), b. Quantifying the amounts of organic and mineral inputs (S2.4); 3. To model the composting process for two different kinds of compost (S2.6).
Note: Material flows are generally abbreviated following the concept of SNB with some adoptions specifically for the present model (Table A. 3. and Table 5 in the main article). The layer of modelling is indicated by the first index after the variable (e.g.
1 as flow of P in OUT1).
Output flows of the natural balance.
The of the NB includes losses through leaching of liquids and dissolved nutrients ( 3) along with gaseous losses through denitrification ( 4 ) which are quantified through literature review (Table S27 ). From the data collected, we deduced mean values of and in kg ha -1 yr -1 , which are extrapolated by applying:
Both m are calculated for the layer of N only.
Input flows of the natural balance.
The of the NB includes atmospheric wet deposition ( 3 ) and asymbiotic N fixation ( 4 ), which are quantified by reviewing literature (Table S27 ). Literature provided general values for and in kg ha -1 yr -1 , which are extrapolated by applying:
The 3 is calculated for layers N and P whilst 4 is only relevant to the layer of N.
In addition, N-input through symbiotic BNF ( 4 ) is calculated. Thereby, we assumed that 50 % of the N-uptake of the plant, distributed to the bean ( Eq. (S15) 2.3. Output flows of the partial balance. The of the PB include (i) total biomass production, (ii) nutrient uptake of selected crops, (iii) gaseous emissions from the application of fertilizers, and (iv) gaseous emissions from burning agricultural residues.
Biomass production
The total biomass comprises food products (OUT1) and harvest residues (OUT2). Furthermore, food products are used to contribute to the food supply and incomer generation of the farming family. Therefore, we consider a share of food product harvested as being used for self-consumption (OUT1a) and the rest as being sold at local markets or to intermediaries (OUT1b). The respective distribution of total food products has been assessed during pre-studies of this work in 2010 and via questionnaire (Table S28 ).
-25 - Note: In the main article, only results for the total harvest of food products (OUT1) are presented and discussed. Further discussion of results for OUT1a and OUT1b is included in the synthesis of the dissertation of Ariane Krause and discussed in the context of food security for smallholders in Karagwe 3 .
The total of food products (OUT1) is first calculated for each crop (Eq. S16) and then summed up for all four crops (Eq. S17).
Eq. (S16)
Exemplarily shown for determining the total production of food products of maize (OUT1 , in kg yr -1 ) by using the model factor (MF), the factor describing land used for maize cultivation ( ) and the specific yield of food products for maize ( , in t ha -1 season -1 ). Flows of OUT1 for the other crops are calculated accordingly by using the crop-specific values for LU and Y.
Subsequently, food products are distributed to OUT1a and OUT1b by using the variable indicating the crop-specific fraction of the harvest used for self-consumption ( , ) and the following equations:
Eq. (S19) Exemplarily shown for maize; the flows OUT1a and OUT1b for the other crops can be calculated accordingly by using the crop-specific values for fracSC (see Table S28 ).
The total of harvest residues (OUT2) is calculated in the same way as OUT1. Thus, we applied Eq. S16 and S17 but with crop-specific values for yields of harvest residues ( , in t ha -1 season -1 ) (Table S32 ).
Finally, we consider the use of harvest residues according to local practices: OUT2b OUT2 • Eq. (S20)
Exemplarily shown for harvest residues used for mulching (OUT2b in kg yr -1 ) by using the total amount of available harvest residues (OUT2 ) and the factor describing the use of harvest residues for mulching ( ). The other for burnt, composted, or other purposes can be calculated accordingly by using, respectively, , , or .
Information on the fate of harvest residues has been collected through expert judgement (Mavuno, 2015) and is presented in Table S29 . Residues are burnt (OUT2a), recycled to the AES by using them for mulching (OUT2b), composted (OUT2c), or exported (OUT2d). The fist flow is divided into emissions to the atmosphere (OUT2a ) and ashes remaining after incineration (OUT2a ). The OUT2a
is an export flow (see S2.3.IV) whilst OUT2a is a recycling flow because ashes are added to the compost (see S2.4.). Flow OUT2d includes harvest residues that are dumped (outside the farmland), used as construction material, thrown in toilet, sold, etc. Table S29 : Fate of the harvest residues determined through expert judgement (Mavuno, 2015) . 
Nutrient uptake of crops
The total of N and P contained in food products and harvest residues are calculated from the total production in the G-layer (OUT1 and OUT2 , respectively) and by using the concentration (c) of nutrients in the products. Values of nutrient concentrations are based on data from literature and own results (Krause et al., 2016) (Table S32) .
Eq. (S21)
Exemplarily displayed for N in total food product of maize OUT1 , with , , being the concentration of N in the total food product (FP) of maize in % (FM).
Eq. (S22)
Exemplarily displayed for N in total harvest residues of maize OUT2 , with , , being the concentration of N in the total harvest residues (HR) of maize in % (FM).
Then, total nutrient exports for all crops are estimated by applying Eq. 17 to layers N and P (e.g. OUT1 , or OUT2 ,
). The total of nutrients with harvest residues is further distributed among the several usages of the harvest residues by applying Eq. 20 to derive, for example OUT2c , or OUT2b for mulching or composting, respectively.
Gaseous emissions from fertiliser applications
When adding fertilizers on managed soils, volatilization, nitrification, and denitrification processes occur which lead to emissions of N 2 O-and NH 3 -gases (e.g. De Klein et al., 2006) . Our model considers of N through N 2 Oand NH 3 -emissions after the addition of carpeting grasses, mulching material, urine, or biogas slurry. N 2 O-and NH 3 -emissions are represented in the NB as flow OUT4a (Table S27 ). Furthermore, these emissions which reduce Ncontent in input matter, are accounted for by estimating a nutrient specific recycling-rate in percentage of the total nutrient input. For example, approximately 87 % of the total N contained in grasses used for carpeting will be recycled into the soil to be available for fertilization. The recycling-rate is considered in calculations of the of the fertilizers required and are, thus, integrated in the equations explained in S2.4. Soil-borne CH 4 and CO 2 emissions from liming (De Klein et al., 2006) are not considered for simplification due to specific data gaps for the local soil. Possible emissions after compost amendments are also not considered because, according to Möller and Stinner (2009) NH 3 -emissions depend on the NH 4 -content. The latter is not commonly found in solid compost, which is also the case for both composts analysed (Krause et al., 2015) .
Gaseous emissions from burning agricultural residues
Emissions from burning agricultural residues comprise CO 2 , CO, CH 4 , N 2 O, and NO x . These gaseous emissions are determined following Aalde et al. (2006) , who provide emission factors (EF) in g kg -1 of DM of burnt residues. Exemplarily displayed for CO2-emissions (OUT2a , ) from burning harvest residues (OUT2a ) with , being the concentration of dry matter (DM) in the total harvest residues (HR) and being the emission factor for CO2. The other emissions are calculated accordingly with the specific EF, e.g. , , etc.
Furthermore, we assumed that 100 % of total C and total N in the burnt matter is emitted to the atmosphere during incineration (Lesschen et al., 2007) whilst 100 % of P is recovered in ashes.
Eq. (S25) 2.4. Input flows of the partial balance.
To realise sustainable crop production and soil management, the total nutrient requirements of crops need to be balanced by inputs of nutrients. In our model, nutrients are provided with the following :
 Grass carpeting on the whole plot as standard practice in AM1-5,  Mulching with crop residues on the whole plot as standard practice in AM1-5,  Biogas slurry amendment for maize and beans in AM2,  Compost amendment for vegetables in AM1-5 (in AM1 only for cabbage),
 CaSa-compost amendment for maize and beans in AM3-5, and  Mineral fertilization with urine for all crops in AM2-5.
Organic input: carpeting and mulching
To reduce evapotranspiration of water in soil during the dry seasons and to avoid soil erosion by wind, it is a common local practice to cover the topsoil with (i) a carpet of grasses and (ii) a layer of mulch prepared from harvest residues. Carpeting with grasses is usually made at the end of the rainy season, before the dry season starts. Mulching is done at the time when agricultural residues accumulate, which is after harvesting or after drying of harvest products. Thus, mulching is usually done before planting and as part of the plot preparation while carpeting is done after planting and during the cultivation period. However, as our model is static, the time of application does not matter. The total of carpeting material ( 2 ) is estimated based on an annual use of grasses in fresh-matter ( , ) and in kg ha -1 yr -1 as typical for the region (Table S32) :
We further assume that 100 % of P contained in grasses is available to growing plants ( 2 ), and thus:
Eq. (S27)
With the amount of carpeting grasses applied in FM ( 2 ) and the concentration of P in FM of grasses in % ( , ).
However, of N with carpeting ( 2 ) is lower than the total N contained in the grasses because of gaseous emissions (S2.3.III). Following Larsson et al. (1998) and Schmidt (1997) , we consider that 11.5 ± 3.0 % of the total N would be lost through NH 3 -emissions. In addition, Larsson et al. (1998) and Möller and Stinner (2009) assume that on average, 1.6 ± 0.3 % of the total N is transferred to N 2 O-emissions. Thus, in total, 87 ± 3 % of the total N contained in grasses or mulching material ( ., , ) is recycled, and thus available to plants. We recognize this with:
Eq. (S28)
With the applied FM of grass used for carpeting ( 2 ) and the concentration of N in FM of grasses in % ( , ) and the fraction of N being effectively recycled to the AES from total N contained in the grasses ( ., , ).
The total
of matter used for mulching (OUT2b ) depends on yields of harvest residues (S2.3.I) and the share of agricultural residues used for mulching (Table S29) .
To determine nutrient inputs with harvest residues, we consider gaseous losses from soil management in the same way as carpeting. First, we assume that 100 % of P contained in mulching material is recycled:
With the total input of P with mulching material (IN2b ) and the total P contained in harvest residues used for mulching (OUT2c ) (Table S29 ).
Then, of N with mulching ( 2 ) considers gaseous emissions after applying the matter (S2.3.III) and is thus reduced compared to the total N contained in harvest residues used for mulching ( 2 ):
Eq. (S30)
With the total N applied with harvest residues used for mulching ( 2 ) and the fraction of N being effectively recycled to the AES from total N contained in the harvest residues ( ., , ).
We further assume that recycling-rates for N are comparable for carpeting and mulching.
., , ., ,
Eq. (S31)
In addition, we assume that materials used for carpeting and mulching are equally applied to the whole msiri. Thus, we assign of nutrients to specific crops according to the LU, respectively, which becomes relevant to determine of organic and mineral fertilizers.
Organic input: biogas slurry
According to our fertilization strategy (S1.3), the total amount of organic input is based on crops' P-requirements after carpeting and mulching. Hence in AM2, the total of P with biogas slurry, for cultivating maize and beans, is calculated with:
Exemplarily displayed for maize; for beans, the calculation is done accordingly. With the factor indicating the land used for cultivating maize in % of the total msiri ( ).
From this, the crop-specific total of biogas slurry is deduced with: 2 , 2 , , ⁄ Eq. (S33) Exemplarily displayed for maize; for beans, the calculation is done accordingly. With the concentration of P in FM of biogas slurry in % ( , ).
Then, the total of biogas slurry to land planted with maize and beans is calculated with: 2 , 2 , 2 , Eq. (S34)
Exemplarily displayed for the layer of G; the total nutrient input is determined accordingly for layers N and P.
The total input of N considers N-losses after the application of fertilizer. Following Amon et al. (2006) and Möller and Stinner (2009) , we assume that 13.9 ± 2.2 % of the total N is lost through NH 3 -emissions. In addition, 0.9 ± 0.2 % of the total N is lost through N 2 O-emissions (ibid.) and 4.1 ± 1.5 % of the total N is lost through nitrate leaching (Prasertsak et al., 2001) . Thus, in total, 81 ± 3 % of the total N contained in biogas slurry ( ., , ) is finally available to crops as 2 . Given that beans derive N through BNF, we assume that the total N in biogas slurry can be consumed by maize plants ( 2 2 , ).
Eq. (S35)
With the total amount of biogas slurry applied to the land planted with maize and beans ( 2 , ), the concentration of N in FM of biogas slurry in % ( , ), and the fraction of N being effectively recycled to the AES from total N contained in the biogas slurry ( ., , ).
Finally, we compare if of biogas slurry required can be covered with the available residues from the MES: Then, the total of standard compost to land planted with cabbage and onion is calculated:
Note: standard compost is only applied to cabbage in AM1, and to cabbage and onion in AM2-AM5.
As already explained (S2.3.III), we do not consider any N-losses after the amendment of compost. Hence:
Eq. (S39)
Exemplarily displayed for cabbage; calculations for onion completed accordingly with concentration of N in standard compost in % of FM ( , ).
Finally, we compare whether of the standard compost required can be covered with compost produced: 2 , . If 2 , , then 2 , is manually decreased to 2 , .
Organic input: CaSa-compost
The total of CaSa-compost ( 2 , ) to maize and beans is determined in a comparable way as described above for biogas slurry. However, for CaSa-compost we also assumed that no N-losses occur after the soil amendment so that 100 % of the total N contained in CaSa-compost are plant-available. Thus, the calculation of 2 followed Eq. S39 rather than Eq. S35 with concentration of N in CaSa-compost in % of FM ( , ).
Mineral input: urine application
To balance N after organic amendments, urine is used as an additional mineral fertilizer input. Associated with the use of urine as fertilizer, N-losses are assumed to be comparable to those occurring when using synthetic mineral fertilizers. Ammonia volatilisation after fertilisation with urine is thus assumed to be 7.3 ± 1.7 % of the total N in urine (Jönsson, 2002; Prasertsak et al., 2001; Rodhe et al., 2004) , whilst N 2 O emissions are 0.9 ± 0.2 % of total N (Amon et al., 2006; Möller and Stinner, 2009 ). In addition, 4.1 ± 1.5 % of the total N is lost through nitrate leaching (Prasertsak et al., 2001) . Thus, in total, 88 ± 2 % of the total N contained in urine ( ., , ) is finally available to crops as 1 . Because crops have different nutrient demands, the model determines application rates of urine ( 1 ) [in dm 3 yr -1 ] separately for the areas of maize, beans, cabbage and onions respectively. However, the Ndemand determined for the area planted with maize and beans is equivalent to N-demand of maize because beans are legume plants, performing BNF.
Eq. (S40)
Exemplarily displayed for the area planted with maize and beans in scenario AM2. With N in biogas slurry applied ( 2 = 2 , + 2 , ; N-demand for food products ( 1 , ) and harvest products ( 2 , ); N-inputs with carpeting ( 2 ), mulching
( 2 ) and BNF ( 4 ); LU-factor for maize in % of the total msiri ( ), the concentration of N in fresh matter of urine in kg dm -3 ( , ); and the fraction of N being effectively recycled to the AES from total N contained in the urine (
Then, total of N and P are determined by using the concentration of nutrients in urine. For N, a N losses are considered once again; respectively the fraction of N recycled to the AES is applied:
2.5. Synthesis: calculating the partial balances and the full soil nutrient balances. In more detail as compared to the general equations presented in S1.3, the nutrient balances are finally estimated as follows.: Grass carpeting and mulching with residues are considered local standard practices and are therefore included as organic IN into 'PB I without fertilization' (Eq. S2). It follows, therefore, that PB I reflects the 'net nutrient requirements' of crops. Application of organic and mineral fertilizers are considered in 'PB II with organic fertilization' (Eq. S3), and 'PB III with organic and mineral fertilization' (Eq. S4), respectively. Organic and mineral INs are quantified based on the net nutrient requirements calculated in PB I (S2.4). Finally, 'full SNB I with organic fertilization' (Eq. S5) and 'full SNB II with organic and mineral fertilization' (Eq. S6) are calculated. The net nutrient requirements, or 'PB I without fertilization' are in all scenarios:
Eq. (S43) , , .
Eq. (S44)
The PB II with organic fertilization in scenario AM1 is:
IN2c because the only organic input is compost applied to the land planted with cabbage.
Finally, the PB III with organic and mineral fertilization in scenario AM1 is comparable to PBII because no urine is used as a mineral input in AM1:
The PB II with organic fertilization in scenario AM2 is:
, , .
Eq. (S49)
Eq. (S50)
Finally, the PB III with organic and mineral fertilization in scenario AM2 is:
, .
Eq. (S51)
Eq. (S52)
with IN1c 2.6. Composting process. In addition to those flows which are relevant for the SNB, we also modelled the composting process. For composting, various organic and organo-mineral materials are mixed ( Figure S10 and S6) for subsequent bio-chemical metabolisms. Several decomposition and conversion processes result in the creation of the compost product as well as in gaseous (CO 2 , N 2 O, NH 3 ) and liquid (P-leaching) emissions that occur during composting. Based on literature values for specific emissions, we estimated TCs for nutrients, including 'N to gaseous emissions', 'N to compost', 'P to leachate', and 'P to compost' (Table S32 ). Compositions of compost are assumed based on local practices introduced in Krause et al. (2015) used for standard-and CaSa-composting. Characteristics of various materials used as well as of the products, such as water contents, nutrient concentrations, densities, etc. are collected from literature and complemented by own empiric data (Table S32 ). In scenarios AM3-5, both, standard composting and CaSacomposting, are part of the modelling. Hence, the total matter composed of harvest residues available for composting ( 2 ), ash from burning harvest residues ( OUT2a ), and kitchen waste are distributed to either of both composting practices by using defined TCs.
2.6.1. Standard composting The standard compost, which is commonly prepared by local farmers, contains a mixture of fresh and dried grasses, ashes, and kitchen waste (Krause et al., 2015) . In addition, water is added -if available -to improve the moisture content of the mixture. Topsoil is also added to introduce microorganisms. Composting is done in batches, which are often placed in a shallow pit in the ground and covered with soil and grasses to mitigate evaporation, and lasts for about three to six months. The figure S10 shows a flow diagram indicating how standard composting is depicted in our model with material flows indicated by arrows and the composting process as a box. as the sum of material used as input matter for composting, including harvest residues (HR), kitchen waste (KW), ash from burning harvest residues (S1), and ash from cooking (S2).
Ashes from cooking are only added to the composting in scenario AM1. Scenarios AM2-5 represent a shift in bioenergy technologies so that biogas digesters and burners (AM2) or microgasifiers (AM3-5) are used instead of three-stone fires (AM1). Hence, residues recovered from cooking include biogas slurry, which is used as direct organic input (IN2e), or biochar, which is used as an additive to CaSa-composting (S2.6.II). In scenarios AM3-5, CaSa-composting is more a part of the model, which requires distributing available input materials to both composting processes. Hence, in scenarios AM2 and AM3-5, Eq. S57 is adapted to Eq. S58 and S59, respectively. 
CaSa-composting
The CaSa-compost is made following the example of human-made Terra Preta soils, which are found in the Amazon Basin in South America, and are prominent for their outstanding fertility (Sombroek, 1966) . Terra Preta production evolved centuries ago, and it is most probably the product of managing wastes and soil jointly. CaSa-composting, thus, includes co-composting of harvest residues, kitchen waste, ashes, biochar, pasteurised human faeces, stored urine, soil, and sawdust (Krause et al., 2015) . Urine, as a locally available resource, is added (i) to increase the moisture of the compost (and thus to replace frequent watering of the compost pit) and (ii) to enrich CaSa-compost with N. According to local practices, after storing urine for a minimum one month in a UDDT, the stored urine is mixed with biochar and/or sawdust prior to addition. This is done to balance the high addition of N to the compost with additional C input because biochar and woody sawdust are rich in C. Balancing the ratio of N/C in the compost mixture is important to maintain the composting process. Commonly, terracotta particles are also added to improve the physical structure and water retention of the product. Additions of C or other nutrients are, however, of minor relevance for the input of terracotta, or brick particles and, thus, the respective input flow is not depicted in our model. In Karagwe, CaSa-composting is done in a similar way to the standard composting, which means it takes place in batches placed in a shallow pit in the ground, covered with soil and grasses to mitigate evaporation, and lasts for about three months.
The figure A.6 shows a flow diagram indicating how CaSa-composting is depicted in our model with material flows indicated by arrows and the composting process as a box.
Determining the sum of materials used as input matters for CaSa-composting ( , ) is equivalent to Eq. S57, but all input flows are indicated by arrows on the left side of Fig. S11 . The distribution of matters to CaSacomposting is done pursuant to Eq. S59 and with 1 Eq. (S61)
Precisely, we assumed that 70 ± 7 % of 2 , OUT2a , or kitchen waste are utilized via CaSa-composting ( ) whilst 30 ± 3 % of 2 , OUT2a , or kitchen waste are utilized via standard composting ( ).
-33 - Figure S11 : In-and output flows of materials to the CaSa-composting process.
The production of CaSa-compost ( -, ) is also modelled by using TCs ( We estimated the global warming potential (GWP) for the calculated GHG emissions in compliance with the procedure of the Intergovernmental Panel on Climate Change (IPCC) published by Myhre (2013) . For this, we used GWP 100 -factors 4 (Table S30 ) and multiplied these with the quantified material flows of emission components which are specifically relevant in terms of climate change.
We determined the total GWP of the farming system analysed for each scenario by summing up all emissions evaluated according to their GWP 100 -factors. The total GWP is expressed in CO 2 -equivalents per household and year (kg CO 2 e hh -1 yr -1 ).
-34 - In addition to the leaching of N and P, gaseous emissions of NO x and NH 3 are also released into the atmosphere and contribute to nutrient transfers to the hydrosphere. Once in the air, the gases react with sulphuric acid and nitric acid and precipitate in the form of salt, which can easily be relocated to the pedosphere or hydrosphere. In addition, the salts dissolve easily in water, which can lead to an accumulation of nutrients in the water bodies and consequently to excessive growth of plants and algae (i.e. eutrophication).
We estimated the EP in compliance with the procedure of the Institute of Environmental Science at the University of Leiden published by Heijungs et al. (1992) and Guinée (2002) . For this, we used the EP-factors (Table S31 ) and multiplied these with the quantified material flows of emission components, which are specifically relevant in terms of eutrophication. We determined the total EP of a scenario by summing up the single emissions assessed with the respective EP-factors. The total EP of the farming system is expressed in PO 4 -equivalents per household per year (kg PO 4 e hh -1 yr -1 ). Heijungs et al. (1992) and Guinée (2002 The unit of the factor is kg PO4e kg -1 .
Supplementary 4. SHORT DISCUSSION
Firstly, we want to discuss, that soil and nutrient losses through wind and water erosion are not considered in our model. This is in line drawn by Baijukya et al. (1998) , who also neglected soil erosion as a natural output flow when conducting SNB for shamba systems in the same local context. However, Lederer et al. (2015) found that erosion dominated nutrient exports from agricultural land in a district of Uganda. On average, N-and P-losses from arable land in Uganda are estimated with, respectively, 5-14 and 1.5-10 kg ha -1 yr -1 (Lederer et al., 2015; Nkonya et al., 2005; Wortmann and Kaizzi, 1998) . In addition, Van den Bosch et al. (1998) report a possible range of 0-28 kg N ha -1 yr -1 in East Africa. Hence, erosion control measures like contour planting, catching water in trenches, etc. are absolutely necessary to avoid loss of topsoil. According to local expert judgment, most farmers in the community of MAVUNO are highly aware of soil erosion problems and efforts to implement countermeasures are widely adopted.
Furthermore, we acknowledge that we did not consider possible biochar-related effects when quantifying GHG emissions or nutrient leaching from the composting process. We rather assumed equal processes and emission factors for standard compost and biochar-containing CaSa-compost. We reason that existing scientific data on using biochar -35 -as a soil amendment are contradictory (cf. Mukherjee and Lal, 2014; Van Zwieten et al., 2015) . Overall, available data expose: existing uncertainties in various areas, knowledge-gaps on underlying principles and mechanisms, and the admission that possible effects of biochar amendments are highly site-specific (ibid.). For these reasons, we judge that it is not yet possible to depict biochar effects in a model such as the one presented here.
Finally, we consider CO 2 emissions from composting or burning residues, and thus sourcing from biogenic material, pursuant to Gómez et al. (2006) . We do this simply to obtain information to compare a possible decrease or increase in GHG emissions between the various IPNM strategies.
Supplementary 5. DATA COLLECTION OF MATERIAL AND PROCESS VALUES
In reference to Brunner and Rechberger (2004) , data on material characteristics, such as moisture and nutrient content in biomass, crops, or fertilizer substrates, densities, etc., was collected through an extensive literature review, accessing case study documents, and prior research steps. This included information on process parameters including biomass and crop yields, emission factors, compost compositions, etc. (Table S32 ). Overall, we collected data for determining flows and stocks from various sources, including: Table S32 : List of material characteristics and other parameter values for the AES-model obtained from data collection and literature review provided with mean values ( ̅ ), standard error (Δx), relative uncertainty (RU), number of values collected to determine the mean value (n), data sources, and additional comments such as to the spatial context of the data.
Name
Unit ̅ Δx RU n Sources Comments Flows and parameters for the NB Atmospheric deposition -wet kg N ha -1 yr -1 6.4 ± 3.2 50% 5 Calculation, based on Baijukya et al., 1998; Lesschen et al., 2007; Nkonya et al., 2005; Stoorvogel et al., 1993; Wortmann and Kaizzi, 1998 With assumed mean annual precipitation; Burkina Faso, Kagera, Karagwe, Uganda, Tanzania
Atmospheric deposition -wet kg P ha -1 yr -1 0.9 ± 0.5 50% 5 Calculation, based on Baijukya et al., 1998; Lesschen et al., 2007; Nkonya et al., 2005; Stoorvogel et al., 1993; Wortmann and Kaizzi, 1998 With assumed mean annual precipitation; Burkina Faso, Kagera, Karagwe, Uganda, Tanzania
Symbiotic BNF with beans kg N ha -1 yr -1 14.0 ± 2.3 17% 5 Calculation, based on Baijukya et al., 1998; Lesschen et al., 2007; Nkonya et al., 2005; Stoorvogel et al., 1993; Wortmann and Kaizzi, 1998 Burkina Faso, Kagera, Karagwe, Uganda, Tanzania A-symbiotic nitrogen fixation kg N ha -1 yr -1 3.3 ± 0.3 8% 3 Calculation, based on Baijukya et al., 1998; Lesschen et al., 2007 With assumed mean annual precipitation; Burkina Faso, Kagera, Karagwe, Uganda, Tanzania Leaching kg N ha -1 yr -1 12.3 ± 3.8 31% 4 Calculation, based on Baijukya et al., 1998; Lederer et al., 2015; Nkonya et al., 2005; Wortmann and Kaizzi, 1998 Only loss of N, no loss of P assumed Kagera, Karagwe, Uganda
Gaseous losses kg N ha -1 yr -1 15.7 ± 4.3 27% 6 Calculation, based on Baijukya et al., 1998; Krause et al., 2016; Lederer et al., 2015; Lesschen et al., 2007; Nkonya et al., 2005; Wortmann and Kaizzi, 1998 Mean value from literature and own calculation after Eq. (5) S33 : List of plausibility criteria used for evaluation of estimated results from system. Lederer et al., 2015; Stoorvogel et al., 1993 AES BNF Baijukya, 1998 Lesschen et al., 2007; Nkonya et al., 2005; Stoorvogel et al., 1993; Wortmann and Kaizzi, 1998 AES Application rates of compost Buresh, 2007; Finck, 2007; Mafongoya et al., 2007 AES Application rates of urine Richert et al., 2010 Non-common abbreviations: AES: agroecosystem; BNF: biological nitrogen fixation; SNB: soil nutrient balancing Supplementary 6. TERMINOLOGY In our work, which refers specifically to smallholder farming in Karagwe, TZ, we use some specific words which we briefly introduce in the following paragraph:
Sub-system
Criteria Source AES SNB Baijukya
Msiri
Swahili for former grassland used for cultivation of annual crops like maize, beans as well as vegetables, which is also a kitchen garden.
Shamba
Swahili for banana-based home gardens that are intercropped with other fruit trees, beans, coffee, egg-plant, etc.
Biogas slurry
Residue that derives from anaerobic digestion of banana tree stumps and cow dung (mixture 2:1 by volume).
CaSa-compost
Product of CaSa-concept to sanitation, which contains pasteurised human faeces, kitchen waste, harvest residues, terracotta particles, ashes, and urine mixed with biochar recovered as residues from microgasifier stoves used for cooking or thermal sanitation.
Standard compost
Compost as commonly prepared by farmers in Karagwe, which contains a mixture of fresh and dried grasses, ash, and kitchen waste.
Solids
Matter collected inside a urine diverting dry toilet (UDDT), which comprise faeces, dry material, some urine which enters the into the compartment for solids' collection due to incomplete urine diversion, and toilet paper. Urine
Liquid part of human excreta collected in UDDT.
Harvest product
Total above-ground biomass of crops.
Food product
Weight of marketable product of crops, including maize grains, bean seeds, onion bulbs, and cabbage heads after a week's drying in the sun (except for cabbage, which is fresh weight at time of harvesting).
